Classical equilibrium molecular dynamics (MD) simulations have been performed to investigate the diffusive properties of inter-cage hydrogen migration in both pure hydrogen and mixed hydrogen-tetrahydrofuran sII hydrates at 0.05 kbar from 200 K and up to 250-260 K. For mixed H 2 -THF systems in which there is single H 2 occupation of the small cage (labelled '1SC 1LC'), we found that no H 2 migration occurs. However, for more densely-filled H 2 -THF and pure-H 2 systems, in which there is more than single H 2 occupation in the small cage, there is an onset of inter-cage H 2 migration events from the small cages to neighbouring cavities at around 200 K. The mean square displacements of the hydrogen molecules were fitted to a mathematical model consisting of an anomalous term and a Fickian component, and non-linear regression fitting was conducted to estimate long-time (inter-cage) diffusivities. An approximate Arrhenius temperature relationship for the diffusion coefficient was examined and a rough estimation of the hydrogen hopping energy barrier was calculated for each system. a,b) Corresponding authors. Tel: +353-1-716-1646 (N.E.), 1824 (J.M.D. MacE).
INTRODUCTION
Gas hydrates are crystalline inclusion compounds wherein a water lattice forms a periodic array of cages, with each cavity sufficiently large to contain one, or possibly more, gas molecules [1, 2] .
Given our interest in hydrogen and tetrahydrofuran sII hydrates in this study, a unit cell in sII [3] hydrate consists of 136 water molecules forming sixteen small cages and eight large cages. The small cages are pentagonal dodecahedral in nature (5 12 ), whilst the large cages are hexacaidecahedral (5 12 6 4 ).
Possible exploitation of sII hydrates for hydrogen storage has been studied extensively [5] [6] [7] . Mao et al found that at pressure 200 MPa, hydrogen and water mixtures crystallise in the form of sII clathrate, and that at a pressure of 180-220 MPa and 300 K, the experimentally determined guest-to-H 2 O molecular ratio is 0.45±0.05. It indicates the multiple occupations in the small and large cages.
This value is within the error of the theoretical value of 0.47, which indicates that small cages are doubly and large cages are quadruply occupied [4] under high-pressure conditions. Therefore, across a broader pressure range, each 5 12 cage may contain one, or possibly two, H 2 molecules, while each 5 12 6 4 cage may contain a single THF molecule or up to four H 2 molecules [4] . The extreme pressure needed for formation of pure hydrogen hydrate has been a limiting factor and has led to the study of mixed stabiliser-H 2 hydrates [8, 9, 10] , in the hope that a stabilising compound will allow hydrate formation at lower pressures. Hydrates stabilised by THF have attracted interest in this respect as they have been reported to be stable at close to room temperature, and at much lower pressures than pure hydrogen-hydrate [4, 5, 8, 11] . For instance, Florusse et al showed that the clathrate can be stabilised with the large cage singly occupied by a second guest molecule component, tetrahydrofuran (THF) at a lower pressure of 5 MPa and a higher temperature 279.6 K.
Lee et al [8] used Raman spectroscopy to discover that in binary hydrates of THF and hydrogen, in which the mole ratio of THF was 5.6%, the small cavities were occupied by two hydrogen molecules. At a pressure of 15 MPa and a temperature of 270 K, the hydrogen mole ratio was found to increase to 4% with a THF mole ratio of 0.15% [8] . By tuning the composition of THF in the binary clathrate, the hydrogen storage capacity could be altered and controlled [8] , which is a promising development for hydrogen storage.
Although the concept of large-scale seasonal storage is not new [12] , the proposal of using mixed THF-H 2 hydrate for such efforts [13] is attractive, as it is a completely reversible physical hydrogen storage material. However, the exact weight percentage of hydrogen in such a system is still disputed, with estimates ranging from 1-4 wt% H 2 [8, 13] affecting its viability as a storage medium substantially. It is understood that hydrate structures which enable multiple occupancy of hydrogen will likely be required for clathrate hydrate to be a practical hydrogen storage medium. Nakayama et al [14] present part of a Tokyo-based feasibility study of large-scale in situ storage of hydrogen in the form of clathrate hydrates, in which it is concluded that a large portion of the energy which could be extracted from hydrogen hydrate would be needed to power the necessary refrigeration.
However, their industrial design does not address the possibility of the seasonal, geologic storage of hydrates, i.e., possible storage in large-scale underground caverns where lower temperatures may be achieved at a lower energy cost, for seasonal physical storage and reversible release [14] .
Given that pressure plays an important role in the occupancy of the cavities, it is to be expected that triple occupancy of small cages may require extremely high pressure. It has been reported by Rovetto et al that only single occupancy in the small cavity of sII clathrate was observed at 70 MPa and 20 K [15] . This indicates that single occupancy in the small cages is much more likely than the double occupancy. As Nakayama et al concluded, the high pressures required for large-scale hydrogen storage would not be economically feasible [14] . Bearing these points in mind, a study of differing average small-cage compositions would seem to be of benefit (i.e., varying proportions of singly-and doubly-occupied small cavities), and we have performed equilibrium molecular dynamics (MD) simulations in this work to probe and model the hydrogen diffusion process between cavities of pure-and mixed-hydrogen clathrates for varying degrees of occupation of the small cavities.
Previous applications of MD and molecular simulation to study guest-diffusivity in clathrates, as 4 well as experimental guest-diffusivity data, and the modelling of such diffusion in heterogeneous media in general, are of direct relevance to this study. Peters et al have studied methane diffusivity in hydrates via a path-sampling method [16] . Moreover, Demurov et al have studied CO 2 migration and the energy barriers and rates for hopping events were calculated by Monte Carlo simulations [17] . At the same time, several workers have investigated hydrogen hopping via molecular simulation. Alavi and Ripmeester [18, 19] have observed hydrogen migration energy barrier through electronic structure and diffusion pathways based on four different configurations of hydrogen molecules within small cages, i.e., either parallel or perpendicular to the pentagonal or hexagonal face. The rate of H 2 migration and the self-diffusion coefficient were plotted against temperature for the four different configurations, which indicates that the hydrogen migration frequency increases with temperature, as measured by its self-diffusion coefficient. Moreover, Frankcombe and Kroes [20] observed hydrogen migration via MD. They discovered that hydrogen migration did not occur from singly-occupied small cages; it appeared that traversing through the pentagonal face of the small cage is a formidable challenge in the time range simulated. Even though the interactions between H 2 may lead to high energy barrier, such resistance was not found to be prevalent when a hydrogen molecule moves from one cage to another with low occupancy [20] . This implies that the H 2 -(H 2 O) 5 energy barrier inhibits hydrogen hopping. However, occupation of up to six hydrogen molecules in a large cage was observed by Frankcombe and Kroes, with lifetimes of up to hundreds of picoseconds [20] . In addition, Gorman et al [21] have studied hydrogen migration in clathrates, with a similar lack of observations of hopping in systems with singly-occupied small cavities. Nevertheless, hydrogen migration was detected in doubly occupied systems, with H 2 motion transverse to the pentagonal face into the neighbouring cages.
Occasionally, the hydrogen which moves to the surface of the small cage may stay for a couple of picoseconds, weakening the stabilising hydrogen bonds of the five-membered water ring, i.e., the pentagonal surface. This allows a temporary channel to open for the hydrogen molecule, which results in the hydrogen hopping.
Experimental studies into hydrogen migration in clathrates also offer interesting insights, particularly to estimate the diffusivity of hydrogen within binary hydrogen-THF hydrates. Saha and Deng have found that the diffusivity of hydrogen is on the order of 10 -18 -10 -19 m 2 /s at 270 K and 65 bar [22] . However, Okuchi et.al have used high-pressure diamond anvil cell NMR to measure the diffusivity of hydrogen at 3.6 GPa and 291 K, and found that the diffusivity was up to 2×10 -9 m 2 /s, with little pressure sensitivity, which is indicative of liquid-like diffusion behaviour [23] . [24] found that their NMR line-shape results for enclathrated H 2 motion appeared to suggest larger energy barriers during inter-cage hopping (~27 kcal/mol), which is inconsistent with what Okuchi et al observed in TDF/H 2 D 2 O clathrates (0.48-0.96 kcal/mol) [25] . [24] found their results were more compatible with experimental data of hydrogen diffusion observed by Mulder et al [26] .
Senadheera and Conradi

Given our interest in developing descriptive quantitative models for the underlying hydrogentransport processes, focussing on anomalous cage-hopping and the consequent development of Fickian diffusion, it is appropriate to consider briefly previous work on such models in heterogeneous media, wherein one phase, composed of nanoscale 'super-conducting' domains (akin to cavities in hydrates), is dispersed in another, with hopping between the dispersed phase domains.
McDermott et al [27] have developed a mathematical model to explain the self-diffusion behaviour of helium and other gases in discontinuous channels in nano-porous, ultra-thin, dense silica films, with an anomalous term and a Fickian component. The anomalous term represents 'superconducting' diffusion (i.e., within the dispersed domains, or cages in the case of hydrates), while the Fickian term represents diffusion in the slower, continuous medium (akin to hopping between cavities in hydrates). Experimentally, the super-conducting domains consist of pores with characteristic dimensions of the order of 1 nm or less. Silica films with a thickness of 30-100 nm accommodate these pores [28] [29] [30] . The gas molecules were found to selectively permeate thin film membranes via these pores, competing, in parallel, with Fickian transport in the poorly-diffusing domain [27] .
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This study seeks to develop such a mathematical model for hydrogen diffusion in hydrates, to model the 'anomalous' (intra-cage) and Fickian (inter-cavity) self-diffusion process. We wish to study the influence of temperature and the hydrogen occupation of the small cavities (i.e., governed by the ratio of singly-to doubly-occupied cavitiesvarying this ratio for different overall smallcavity occupations). Rovetto et al [15] found that triple occupancy is unlikely, and we only observed transient instances of this in previous work [21] . Therefore, we have carried out equilibrium MD at 50 bar, of interest to industrial storage, and from 200 up to 260 K for different small-cage hydrogen occupancies, including both pure and mixed THF-H 2 clathrates, and we have applied the anomalous-Fickian diffusion-modelling approach of McDermott et al [27] to further characterise and quantify the inter-cage hopping diffusion rates observed in our previous study [21] , and ascertain thereon the effect of small cage H 2 occupancy.
METHODOLOGY
Molecular Dynamics
An sII hydrate supercell, consisting of 2×2×2 unit cells, was constructed; the unit cell length was 17 Å [3] . The Bernal-Fowler rules were employed to choose the initial orientation of the water molecules [31] , minimising the total dipole moment. In addition, the Rahman-Stillinger procedure was also used to render the total dipole moment vanishingly small [32] . Ten systems were constructed, five of pure hydrogen hydrates and five mixed (THF-H 2 ) systems. These systems and naming conventions are further described in Table I belowessentially, the ratio of singly-to doubly-occupied small cages was varied to achieve a range of overall average small cage occupations between 1 and 2. The guest molecules' initial positions were chosen by placing the centre of mass (COM) of THF at the geometric centre of large cage. If the small cage is doubly occupied by two hydrogen molecules, they are reasonably arranged at energetically stable positions relative to one another and the cage wall, while single-occupation entailed placing the COM of H 2 at the geometric centre of small cages.
[ insert Table I about here ] TIP4P-2005 was chosen as the water model, due to its reasonable performance for a variety of properties, including thermodynamic properties of the liquid and solid phases, properties at melting and vaporisation points etc, covering a wide temperature (from 123 to 573 K) and pressure range (up to 40,000 bar) [33] . For THF and H 2 , we used the Lennard-Jones (LJ) parameters and charges of Alavi et al [34] . Geometric combining rules were used for cross water-H 2 and water-THF LJ interactions, i.e., , , where ε and σ have their usual meanings. DL-POLY 2 [35] was used to carry out equilibrium classical MD [36] simulations. It should be pointed out that the use of classical MD to treat hydrogen molecules' motion, in particular, below around 150 K is approximate in nature, and the lack of provision of quantum effects like zero-point H 2 cage-rattling motions and quantisation of H 2 rotational motion becomes less satisfactory at lower temperature. However, given that this study focuses on hydrogen transport phenomena at and above 200 K, the use of classical MD is reasonably justified. Long-range electrostatic interactions were computed on the basis of the Smoothed Particle Mesh Edward (SPME) method [37] and the cut-off distance of van der Waals interactions and real-space electrostatics was 10 Å. In the SPME method, the screening parameter, α, and the number of wave-vectors were arranged so that the relative error was less than 1×10 -5 ; the Ewald electrostatic energy and forces changed little with α. Rigid molecule models were employed for H 2 , THF and H 2 O with the NOSQUISH algorithm of Miller et al. [38] , using velocity-Verlet [39] integration. 100 ps of Nosé-Hoover [40] NVT simulations were run at 200, 220, 230, 240, 250, 260 K for each system with 2 fs time step at 0.05 kbar, and a rather mild 0.5 ps thermostat relaxation time; these were followed by 250 ps of NPT runs [41, 42] at 0.05 kbar at each temperature, with thermostat and barostat periods of 0.5 and 2 ps respectively, to allow each system volume to settle. NPT production runs, with the same thermostat and barostat periods, were performed on the relaxed systems for a further 2.5 ns with a 2 fs time-step at 0.05 kbar and 8 each temperature between 200 and 260 K. During the simulation, it was found that 2S4L was not stable at 250 K and 260 K, and 1.75S4L did not remain intact at 260 K. The presence of THF played an important role in stabilising the system, as observed by Frankcombe and Kroes [20] .
Mathematical Modelling
The novel work of explaining the diffusion within ultrathin, dense silica films has been done by
McDermott et al [27] . Occasionally, hydrogen molecules were found to jumps out of their cages and moves to neighbouring ones. The frequency of hydrogen hopping is not very high, so that energy barriers exist to impede the diffusion process, just like that observed in the poorly diffusing domain in the dense silica system simulated and modelled by McDermott et al [27] . It is reasonable to use an analogous approach to investigate the mechanism of diffusion within clathrate hydrates, because of the similarity between the two systems (short-ranged order but long-ranged disorder) and the resemblance of the transport process ('super-conducting' within cages and poorly-diffusing domain for inter-cavity hopping).
For short-to-intermediate time scales gas permeation within the dense amorphous media is dominated by anomalous diffusion within 'non-percolating superconducting' domains with the mean square displacement (MSD) of the centre of mass of the gas molecules modelled as a function of time, t [27] , as shown below:
where ' w d is the fractal-dimension of the random walk undertaken by the molecule within the medium,  is the characteristic average range of displacement, in one direction, of the molecule under non-percolating conditions, i.e., moving rapidly within the 'superconducting' pores (or, indeed, within a clathrate's cavity). A is a parameter which has specific value at a given temperature and for different clathrate systems, and is simply be treated as a fitting coefficient [27] .
In clathrate hydrates, the hydrogen molecules are confined either in the small cavities or large cages and their trajectory evolution (beyond the initial ballistic regime) is modelled by Eq. (1) at short-tointermediate times. At long times, however, hydrogen hopping arises from diffusion from one cage to another, as energy barriers between cages are overcome. To represent this hopping mechanism, a Fickian diffusion term is needed, with self-diffusion coefficient D, and in this case the MSD is represented by
Combining the anomalous and Fickian terms of eqns. (1) and (2) yields the total MSD as
Here, D is the long-time self-diffusion coefficient in the poorly conducting domain, representing a de facto rate generated by hopping events. As will be demonstrated below, this approach accurately models the MSD trajectories in each of the systems investigated here.
Inter-cage migration has been observed by Gorman et al [21] , as shown by Figure 2 of that article [21] , as well as by Frankcombe and Kroes [20] . In ref. 21 , the hydrogen molecules were often observed to move to the pentagonal face of the small cage and then moved back to the geometric centre of the cage; this intra-cage, non-percolating movement occurred rapidly. Occasionally, the hydrogen molecule that moved to the surface of the small cage may weaken the stabilising hydrogen bonds, which may result in the temporary opening of the pentagonal face to allow the hydrogen molecule to 'escape' from the cage. The rate of such hopping events was found to depend on temperature, and activation energies were estimated from approximate Arrhenius fits to hopping rates at different temperatures. One may characterise this general process in terms of an MSD as schematically illustrated in Fig. 1 . At very short times, the H 2 molecules move within the cavities and the MSD is proportional to t 2 in the ballistic régime. However, for , the MSD levels off at 6  2 in three dimensions; depending on the nature of the system, this approximate 'plateau' may be more or less pronounced. For t > t x , the hydrogen diffuses (hops) and Fickian behaviour is observed.
[ insert Figure 1 about here ]
RESULTS AND DISCUSSION
Typical results for the MSDs for hydrogen (except 1S1L, which will be discussed later) within the stabilisation temperature range in this work are reported in Figs. 2 and 3 . These MSDs were calculated from 2.5 ns simulation trajectories. A non-linear regression algorithm was used to compute the four parameters A,  , ' w d and D, which appear in Eq. 3, from fitting of the MSDs between 10 to 500 ps. Non-linear regression was implemented via three different methods:
Lsqcurvefit in MATLAB and Solver in Microsoft Excel (both of which, broadly, implement variations and improvements along the lines of the general Levenberg-Marquardt approach [43] to render this more robust, vide infra), and the SOLVOPT program which carries out the Shor algorithm [44] . Lsqcurvefit employs a subspace trust-region method based on the interior-reflective Newton method, as described by Coleman et al [45, 46] . During each iteration, this involves the approximate solution of a large linear system using the method of pre-conditioned conjugate gradients. In so doing, Lscurvefit inverts the variance/co-variance matrix Jacobian, and this can be combined with the appropriate t-distribution information to estimate 95%-confidence intervals for each of the four parameters in eqn. 3. The Generalised Reduced Gradient (GRG2) non-linear optimisation [47] code is employed by Microsoft Excel's Solver function [48] , although more problematic access to the variance-covariance matrix renders the estimation of confidence intervals with this implementation much more difficult; therefore, confidence intervals using Microsoft Excel have been omitted. The SOLVOPT program [49] was usually found to provide the tightest fit owing to the Shor algorithm [44] , and the parameter values were more robust to changes in MSDs, echoing the findings of McDermott et al [27] ; it was also possible to estimate confidence intervals with this approach. The results obtained from the three different approaches were found to be broadly consistent with each other, except for 1S4L system which required special fitting techniques, and where the SOLVOPT method was clearly superior.
[ insert Figures 2 & 3 about here ]
At the beginning of this fitting exercise, regression analysis involved all four parameters.
However, the parameter values were quite scattered, especially that of the fractal-dimension parameter ' w d , which was also observed by McDermott et al [27] . To achieve better fitting results and more consistent parameters, ' w d for diffusion in disordered system is known to be dependent on the nature of the bond connectivity and the uniformity of the media in three dimensions [50] .
Although clathrate hydrates are ordered media for short-ranges, there is still long-range disorder.
Generally, in disordered systems at intermediate times diffusion becomes anomalous
where ' w d is larger than 2 [50] . A rough estimation was conducted by measuring the slope of log-log plots of the MSD curves at intermediate times to estimate ' w d . The value varied from 2.6 to 6.3. For 12 systems like clathrate hydrates, it is valid to assume the distribution is uniform in three dimensions.
In this case, ' w d is limited by [50] . On the basis of the observations from the approximate estimation of this parameter we believe it was suitable to fix ' w d at the value of 3.768, and this is consistent with the approach adopted by McDermott et al [27] . The resultant fitted parameters from SOLVOPT for A, l and D are provided in Tables II to IV millisecond times may be needed to achieve this [53] .
An interesting contrast between the pure and mixed systems is demonstrated by considering the 1S4L(see Figure 4 ), 2S1L (see Figure 3 ) and 1S1L ( Figure 5 ) simulation results. For the 1S4L system, the anomalous regime extends over a longer time period than for the 2S4L. This is not unexpected when the results for the 1S1L are taken into consideration. In the latter case there was no migration detected for the hydrogen molecules (See Figure 5 ). The single hydrogen molecule in the small cages in both systems 1S1L and 1S4L are largely non-percolating (as also observed in [21] ). More vigorous vibration of the large cages due to quadruple occupation in the case of 1S4L, particularly at higher temperatures, coupled with single-occupation of the small cages allows for limited hopping to occur between small and large cages. In contrast, in the 1S1L system, the THF molecule stays in the large cage, and no hydrogen jumping was observed , with the D value vanishingly small.
[ insert Figure 5 about here ]
In order to show the fitting quality further, deconvolution of the anomalous term and Fickian terms was carried out. As shown in Figs. 6 and 7 for the 1.25S1L system at two extreme temperatures (200 K and 260 K), the magnitude of the two terms are similar and they make comparable contributions to the transport process during the sampling time.
[ insert Figures 6 & 7 about here ]
As mentioned earlier, the parameter  is defined as the average range of displacement of the random walker (in this case, hydrogen) under non-percolating conditions, i.e., within the cages.
14 Below the transition temperature 250K,  values calculated from the nonlinear regression vary from 0.403 to 0.917Å. Given that there are three types of cages available in the hydrogen hydrates: singly/doubly occupied cages and quadruple occupied large cavities, the  value calculated should be the average range of displacement, in one direction, within the three types of cages.
Notwithstanding this mixture of cell types, general trends can be observed. As the temperature is increased one would expect the cages to swell to some extent, particularly for those cells with high occupancy. This is clearly observed from the results in is physically taken to be the square of the distance a given hydrogen molecule can travel on average from the centre of the cage until it collides with the cage wall then the estimated value of  for the 2S1L system assuming the cage is spherical, is
where the magnitude of the collision diameter of the hydrogen molecule and the water oxygen has been taken to be 0.3101 nm [7] . The larger values of  reported in Table II are indicative of the atomic 'roughness' of the cage wall, dynamical fluctuations in the size and shape of the cages as well as thermal and repulsion expansion at higher temperatures and at relatively high hydrogen loadings. At temperatures of 250 K and above it is clear that the mobility of the hydrogen molecules is considerably less restricted particularly for high hydrogen loadings in the small cages and diffusion more rapidly approaches the Fickian limit at shorter times. This is also seen in the estimates for the hydrogen diffusivities (Table IV) which display a dramatic increase with 15 temperature at high hydrogen occupancy within the smaller cages. These observations are believed to be largely related to an induced melting process at high cage loadings.
As reported by Gorman et al [21] , the number of inter-cage migration events counted over 0.5 ns simulations were observed to exhibit Arrenhius-like behaviour with activation energies of 21.2 and 25.6 kJ mol -1 for 2S1L and 2S4L systems, with respective 95% confidence intervals of ±6.2 and 7.6 kJ mol -1 . In this study, de facto energy barriers for self-diffusivity D were estimated assuming approximate Arrhenius behaviour. As demonstrated in Figs. 8 to 11 , Arrhenius fits to D for pure systems were superior to those for mixed systems. We believe the primary reason for this is simply that in the pure systems, where more hydrogen molecules are present than in mixed system at the same small-cage occupation, the MSD of the hydrogen molecules is calculated more accurately due to the greater number of samples available. The r 2 values of the Arrhenius fits are provided in Table   V , with the resultant activation energies in Table VI ; clearly, from inspection of the r 2 values for the mixed systems, especially at lower small-cage occupation, a greater level of statistical sampling is desirable.
[ insert Tables V and VI about here ] In the mixed systems, the activation energy increases steadily with small-cage hydrogen occupation, which is not unexpected because the higher the hydrogen occupation, the more difficult it is to hop between the small cages. Moreover, as implied by the results for the singly occupied small cage system, 1S1L, (see Fig. 5 ) one would expect the activation energy for hopping in the mixed 1S1L system to be quite large leading to a minimum in the activation energy at an intermediate small cage loading and this is inferred to some extent by the results for the pure systems. The relatively high energy barrier in 1S4L may be rationalised by hydrogen hopping events between the small cages being highly dependent on more vigorous vibration of quadruplyoccupied large cages and occasional hopping from these into small cavities. For intermediate 16 loadings in the small cages where a proportion of the small cavities are doubly occupied from the outset, hydrogen hopping between the small cavities is easier, due to repulsions of two hydrogen molecules allowing easier passage into neighbouring singly-occupied cavities. This does lead to a lower activation energies for the intermediate loading systems which are not inconsistent with the results for the mixed systems. (The 1.5S4L system needs to be checked. The D value appears abnormally low at 200K and if the two higher temperatures are omitted for reasons similar to the 1.75S4L and 2S4L runs then an activation energy ~ 18 kJ/mol is obtained which is more physically consistent). Finally, as all small cages are doubly occupied in 2S4L, the activation energy barriers to move to other small cavities again increases due to increased H 2 -H 2 repulsion.
CONCLUSIONS
In this work, diffusive transport of hydrogen in clathrates, both pure and mixed (THF+H 2 ), has been investigated and a mathematical model has been proposed to describe the diffusion process through cage-hopping and anomalous movements within the cavities. The basis for this model is the combination of two different transport modes together. Firstly, the motion of a random-walker within disordered media can be described as anomalous superconducting diffusion which exists over tens of picoseconds under non-percolating conditions. Secondly, a Fickian diffusion process takes place at long times via cage-hopping, which can be represented by the Einstein equation for the mean-square displacement.
The existence of the two modes has been validated by non-linear regression fitting of the MSD of the centre-of-mass of the hydrogen molecules. The two primary parameters, the average range of displacement of the molecule under non-percolating conditions,  , and the long-time Fickian diffusivity, D, computed from the nonlinear regression analysis provide insights into the manner in which H 2 may be stabilised with the hydrate structure. For pure H 2 systems below the hydrate melting point the cage sizes within the hydrate systems are comparatively insensitive to hydrogen loading and the activation energies for Fickian diffusion at long times are generally larger in the 17 pure systems compared to the mixed (H 2 -THF) hydrates. In the latter case the magnitude of  , which is indicative of the size/shape of the small cages of the hydrate where the hydrogen is primarily located, is sensitive to loading, increasing as the cage occupancy increases. Interestingly, and consistent with the greater thermodynamic stability of the mixed hydrate relative to the pure H 2 hydrate, the diffusivities of hydrogen in the mixed hydrate are up to an order of magnitude smaller than for the pure system. 
